Temporal distributions of matings and births were studied in a feral population of Bizet sheep (Ovis aries) introduced to Ile Longue in the subantarctic Kerguelen Archipelago. Two rutting peaks occurred each year, in summer and winter. Most births occurred in winter, a period that was not favorable for the survival of young. Lambs born in midsummer also were born too late with regard to the most favorable period in spring. Individual ewes did not consistently breed in 1 season but switched from summer to winter breeding. Regardless of whether they were lactating or nonlactating in summer, almost 70% of females gave birth the subsequent winter. Only 25% of females observed in winter (lactating or nonlactating) also lactated in summer. Differential fertility and reproductive success may be due to seasonal variation in body mass. Females were heavier in summer than winter. The biannual reproductive cycle also may result from the early reproductive history of ewes. Sexual maturity occurred earlier for the winter compared with the summer cohort. Therefore, most females of both cohorts gave birth for the first time in winter. Our results reveal that feral domestic animals will not always quickly adapt to different environmental conditions.
The characteristics of wild mammal populations result in part from past selection pressures and are assumed to be adaptive when current environmental conditions do not greatly differ from previous ones. Feral populations of domestic species may exhibit traits that are not adapted to current environmental conditions because of artificial selection pressures that differ from natural ones. Investigators of feral ungulates generally have interpreted their results almost exclusively in terms of natural selection (Berger 1986; Clutton-Brock et al. 1996; Coblentz 1980) , and few have revealed conflicts between natural and artificial selection. Studying feral populations of domestic ungulates may enhance an understanding of how animals adapt to new environments.
* Correspondent: esnm2@mnhn.fr Timing of the breeding season and reproductive synchrony are 2 traits that can be modified by artificial selection. Reproductive synchrony in a wild population results from breeding strategies that maximize the reproductive success of individuals when seasonality affects the survival of progeny (Ims 1990; Rutberg 1987) .
Most wild ungulates in temperate regions give birth in spring when climate is favorable and food is abundant (Bunnell 1982; Thompson and Turner 1982) . Young born too early may encounter adverse weather and high risks of hypothermia (Bunnell 1980; Guinness et al. 1978) . However, mothers that give birth late in the season encounter poor-quality forage, resulting in insufficient milk production and weaned young that cannot find sufficient forage to reach a critical size to survive the following winter (Clutton-Brock et al. 1982; FestaBianchet 1988; Green and Rothstein 1993) . Therefore, date of birth has obvious consequences for growth and survival of young (Clutton-Brock et al. 1982; Festa-Bianchet 1988) and may even affect future social status and reproductive success (Green and Rothstein 1993) . Furthermore, females that give birth late may store insufficient energy reserves before rut and thereby reduce their chance of subsequent reproduction (Clutton-Brock et al. 1982; Festa-Bianchet 1988) . Among wild mountain sheep (Ovis) in northern latitudes, shorter growing seasons of plants apparently have resulted in synchronized births (Bunnell 1982; Thompson and Turner 1982) . However, populations of sheep in desert regions with unpredictable environments have a less synchronized lambing season (Bunnell 1982; Thompson and Turner 1982) .
Photoperiod is considered the main proximal factor responsible for birth synchrony in ungulates (Ortavant et al. 1985 ). Yet, timing of estrus and gestation length can be modulated by other factors, either intrinsic (female's age or body condition- Bon et al. 1993; Bunnell 1980; Ortavant et al. 1985) or extrinsic (weather-Bunnell 1980; Rachlow and Bowyer 1991; social environment-Berger 1992; Schinkel 1954) .
Although humans have modified the rutting and lambing seasons of domestic sheep (O. aries-Ryder 1983) , some feral populations show highly synchronized estrus and lambing periods that relate to latitude (Jewell 1989) . These herds were assumed to have recovered that synchrony because of the high adaptive value of spring lambing. We examined a feral sheep population that was recently introduced onto an island of the subantarctic Kerguelen Archipelago and is characterized by 2 seasons of birth per year (winter and midsummer). Neither lambing season occurs during the most favorable period for juvenile growth and survival. We compared this population to a flock of the same breed living in the northern hemisphere to determine if the reproductive pattern observed at Kerguelen was characteristic of the breed. We also examined how 2 seasons of birth can be interpreted at the level of the individual female and addressed 3 questions. Do females mostly breed in 1 season or switch from summer to winter breeding? Does body mass of females explain differences in fertility between seasons? Does the biannual reproductive cycle result from the early reproductive history of ewes? By examining neonatal mortality for summer and winter cohorts, we also investigated how a biannual reproductive pattern may be nonadaptive.
MATERIALS AND METHODS
Study area.-Ile Longue (49Њ24ЈS, 69Њ56ЈE) is in the Morbihan Gulf on the east coast of the Kerguelen Archipelago and is 3,450 ha with elevations to 270 m above mean sea level (Bourzat and Monié 1977) . At Port-aux-Français, ca. 20 km away, mean temperature was 1.9ЊC in July and 7.4ЊC in January. Annual precipitation averaged 817 mm (222 days of rain, 129 days of snow), and strong winds generally blew from the west (mean wind speed: 9 m/s, 296 days/ year with speed exceeding 16 m/s). Snow persists between June and October, with depths generally Յ10 cm.
The Kerguelen Archipelago has developed a peculiar native flora composed of 22 phanerogam and 9 pteridophyte species (Greene and Walton 1975) . This flora is dominated by grass and cushion forms. Kerguelen cabbage (Pringlea antiscorbutica), Azorella selago, and Aceana magellanica predominate on pristine islands. Twelve plant species were introduced in 1973 to improve the carrying capacity of Ile Longue for sheep (Bourzat and Monié 1977) .
The Kerguelen sheep population originated from an introduction in 1952 of 4 ewes, 1 ram, and 1 lamb of the Bizet breed on the 450-ha Ileaux-Moules (Chapuis et al. 1994 (Bourzat and Monié 1977) . However, by the end of the 1970s, a distinct flock was present on each sector. In 1989, the entire population was estimated at 3,000 individuals (Chapuis et al. 1994) . Management is now limited to the removal of about 150 male lambs/year, mostly from the Espérance sector. The black rat (Rattus rattus) and house mouse (Mus musculus) are the only other mammals introduced on the island. Subantarctic skua (Catharacta skua lönnbergi) and giant petrel (Macronectes halli) occasionally prey on very weakened sheep (Réale et al. 1996) .
Reproductive patterns within the population.-Our study was conducted in 1990-1992 on the Matifou sector of the island (1,000 ha). Censuses were made following a standard route that covered ca. 75% of the area. Two to 4 censuses were conducted each month in 1990 and every other month in 1991 and 1992. Observers scanned groups of sheep using 20 by 40 binoculars and a 20-60ϫ spotting scope. For each animal, sex, age, and behavior were recorded. We also noted which females were followed by 1 or 2 lambs. Lambs Ͻ2 months old were easily differentiated from older animals by their black coat and were referred to as L 1 . The pelage turned progressively brown from 3 to 4 months of age, allowing us to differentiate lambs that were 3-4 months (L 2 ) from other lambs. We could not determine sex of L 1 and L 2 lambs. Five-to 6-month-old male lambs (juvenile: J 1 ) were characterized by barely visible horns and a short fleece becoming the beige or chocolate adult color. Older male lambs were classified as J 2 (7-8 months old) and J 3 (9-12 months old). Absence of horns in most females did not allow a subdivision of the 5-12 month class (J f ). Animals Ͼ24 months old were classified as adults, and those in their 2nd year of life were classified yearlings. Yearlings had shorter fleece and thinner faces than adults, and yearling males had shorter horns than adult males.
Female attractiveness was measured by the percentage of sexually mature males (Ͼ6 months old) that expressed sexual behavior during censuses (Réale et al. 1996) . The ratio of L 1 : 100 ewes Ͼ12 months old was calculated for each census. These 2 indices were used to determine rutting and lambing seasons, respectively. Mean value of these indices was calculated for each month (2-4 mean indices/series of censuses).
In the northern hemisphere, Bizet sheep live at equivalent latitudes as the Kerguelen population; thus, we hypothesized a 6-month difference in the reproductive cycle between the hemispheres. From data provided in a flock of Bizet sheep in France (Broussard 1988) , we calculated number of births per month and number of neonates per month. By summing number of neonates in a given month with those of the 2 preceding months, we obtained an index of lambs Ͻ2 months old per 100 ewes comparable with those estimated on Ile Longue. We compared ratios of L 1 :100 ewes (arcsine transformed-Sokal and Rohlf 1981) between the 2 populations using linear regression. For the Ile Longue population, the ratio of mean L 1 :100 ewes was calculated when more than 1 value was available each month during the 3-year study.
Reproductive patterns of individual ewes.-A sample of females was trapped (summer, n ϭ 197; winter, n ϭ 41) and marked (allflex tags) after recording age (based on number of definite incisors) and weight. Captured ewes also were classified as lactating or nonlactating based on the status of the udder or presence of lambs. We also noted the reproductive status of each ewe sighted. We used female reproductive status (lactating or nonlactating) at 1 season as an index of fertility 6 months earlier. We could not, however, differentiate barren females from those that lost their lambs very early; therefore, we probably underestimated fertility.
Among adult ewes (Ն24 months old) recaptured or sighted during at least 2 consecutive reproductive seasons, we calculated proportion of females that bred predominantly in 1 season or that switched from summer to winter breeding. To understand which factors were responsible for the reproductive patterns of ewes, we compared between-season differences in body mass after taking age into account with a 2-way analysis of variance (ANOVA- Sokal and Rohlf 1981) . We then used a logistic regression (Hosmer and Lemeshow 1989) to test whether body mass, age, or season affected reproductive status of ewes in the following season.
We also compared age at first reproduction for summer and winter cohorts for ewes first captured as a lamb. Logistic regression (Hosmer and Lemeshow 1989) was used to analyze effects of body mass at 6 months of age and birth cohort (winter or summer) on age at sexual maturity.
Neonatal mortality.-No neonates Ͻ15 days of age were marked; therefore, we could not estimate lamb mortality with a capture-mark-recapture method. Lamb mortality was estimated by comparing ratios of lambs:100 ewes at different stages of lamb development. Mean values of ratios of L 1 :100 ewes and L 2 :100 ewes were calculated for each month then used to establish mean monthly indices for the 3-year study. We thus compared ratios of L 1 :100 ewes at the birth peak with L 2 :100 ewes 2 months later for summer and winter cohorts using a 2-way ANOVA of those ratios (arcsine-transformed data-Sokal and Rohlf 1981) with lamb age class and cohort as factors.
Statistical analyses were performed using SuperAnova and Statview software (Abacus Concepts 1989 , 1992 , except that logistic regression was carried out with JMP software (SAS Institute Inc. 1989).
RESULTS
Reproductive patterns.-Mean number of individuals observed per month during censuses varied between 568 and 778, and strongly male-biased adult sex ratios (male : female ϭ 2:1) were consistently observed during the 3 years (Réale et al. 1996) . Intensity of sexual activity varied seasonally, with marked peaks in January 1990 and 1992 (Fig. 1a) . A secondary rutting peak occurred in July in all 3 years. Those 2 annual rutting periods were followed by 2 lambing peaks. Most births occurred in June-August and in January-February. By comparison, births in the flock of Bizet sheep in France were dispersed throughout the year. There was no correlation between L 1 :100 ewes observed in the 2 flocks (F ϭ 0.01, d.f. ϭ 1, 10, P ϭ 0.91; Table 1 ), even when data from Ile Longue were moved forward 6 months (F ϭ 2.81, d.f. ϭ 1, 10, P ϭ 0.12).
Reproduction of individuals.-Among tagged females, 72% of yearlings (n ϭ 83) were lactating in winter compared with 32% (n ϭ 122) during summer ( 2 ϭ 30.57, d.f. ϭ 1, P Ͻ 0.001), and 85% of adults (n ϭ 58) were lactating in winter compared with 37% (n ϭ 126) during summer ( 2 ϭ 33.57, d.f. ϭ 1, P Ͻ 0.001). Proportion of lactating ewes did not differ significantly between age classes in winter ( 2 ϭ 2.24, d.f. ϭ 1, P ϭ 0.13) or summer ( 2 ϭ 0.56, d.f. ϭ 1, P ϭ 0.45). A high proportion of females assessed in summer were lactating the subsequent winter (Table 2 ). Lactating and nonlactating ewes in summer did not differ in their reproductive status the subsequent winter ( 2 ϭ 3.02, d.f. ϭ 1, P ϭ 0.08). However, few females among those assessed in winter were lactating the subsequent summer (Table 2 ). Lactating and nonlactating ewes in winter did not differ in their reproductive status the subsequent summer ( 2 ϭ 0.04, d.f. ϭ 1, P ϭ 0.83). Most ewes observed lactating in summer and assessed thereafter during 2 consecutive seasons lambed at 6-month intervals, and none lambed at 12-month intervals (Table 3). Among females first observed lactating in winter, 86.7% gave birth at 12-month intervals (Table 3) .
Females were heavier in summer than winter (F ϭ 15.79, d.f. ϭ 1, 226, P Ͻ 0.001) when age was accounted for (age, F ϭ 46.33, d.f. ϭ 5, 226, P Ͻ 0.001; age by season, F ϭ 2.18, d.f. ϭ 5, 226, P ϭ 0.06). Interactions between body mass, age, and season on the probability of lambing during the subsequent season were not significant and were removed from the model. The probability of producing a lamb during the subsequent season increased significantly with body mass and decreased with age (Table 4) . Females assessed in summer had a higher probability of lambing during the subsequent season than those assessed in winter (Table 4) .
None of the ewes assessed at 6 months of age were lactating (n ϭ 57; Table 5 ). First lambing occurred at 12 months in both cohorts. However, a higher proportion of ewes at 12-24 months of age gave birth in the winter compared with the summer cohort ( 2 ϭ 11.31, d.f. ϭ 1, P Ͻ 0.001 and 2 ϭ 6.96, d.f. ϭ 1, P Ͻ 0.01, respectively). A lower proportion of 18-month-old females of the winter cohort was lactating compared with the summer cohort ( 2 ϭ 17.72, d.f. ϭ 1, P Ͻ 0.001). Cohort, but not body mass, significantly affected age at sexual maturity (Table 4) . A higher proportion of winter cohort ewes were precocious compared with summer cohort ewes.
Neonatal mortality.-An interaction between age and cohort affected ratios of lambs:100 ewes (F ϭ 10.99, d.f. ϭ 1, 36, P Ͻ 0.01; Fig. 2 ). In summer, ratios of L 1 : 100 ewes observed during the lambing peak and L 2 :100 ewes observed 2 months later did not differ (contrast test, F ϭ 0.009, P ϭ 0.92), suggesting a low mortality rate for the summer cohort. There also was a difference in ratios between the 2 classes of lambs for the winter cohort (F ϭ 23.43, P Ͻ 0.001). The difference in mortality estimates between the 2 cohorts suggested that mortality was higher in winter, leading to about the same level of recruitment at 4 months of age for the 2 cohorts.
DISCUSSION
Breeding aseasonality of the Bizet breed (Broussard 1988 ) may explain why, unlike TABLE 1.-Reproductive parameters of ewes on Ile Longue and in a flock of Bizet sheep in France where rams remain with females (n ϭ 300) all year. Prolificity (neonates : 100 births) and monthly birth frequencies (%) are from Broussard (1988) . Number of births were estimated from monthly frequency of births and number of neonates from prolificity. Number of lambs was calculated by summing number of neonates in a given month with those of the 2 preceding months. Estimates of lambs : 100 ewes on Ile Longue described in text. other boreal species transferred to the Southern Hemisphere (Caughley 1971; Marshall 1937) , sheep on Ile Longue did not quickly reverse their reproductive cycle. However, we observed a relatively strong synchronization of lambing ( Fig. 1 ; Table  1 ). Our results show that ewes on Ile Longue can switch from summer to winter breeding but they had a higher probability of conceiving in summer than winter. This may be due to their heavier body mass in summer than winter. Fertility depends on body mass or body condition for many ungulates (Albon et al. 1986; Gunn and Doney 1975; Thomas 1982) . Poor body condition also is responsible for reduced ovulation rate (McNeilly et al. 1987) or for the loss of embryos in domestic sheep (Rhind et al. 1980) . Body mass, however, was not the only factor responsible for the higher conception rate in summer, as shown by logistic regression. At a given body mass, ewes could be more likely to conceive if they were gaining mass or storing fat reserves (in summer) than if they were losing mass or consuming fat reserves (in winter). The biannual reproductive cycle on Ile Longue also seems to be influenced by the early reproductive history of ewes. Most females lambed for the 1st time in winter. Winter cohort ewes were heavier than summer cohort ewes at 6 months of age. This may explain the earlier sexual maturity of winter cohort ewes relative to summer cohort ewes. However, body mass at 6 months of age did not affect age at maturity. Growth rate and body mass determine age at puberty in ungulates (Gaillard et al. TABLE 4.-Results of logistic regression of effects of season (winter or summer), age, and body mass on probability of lambing the subsequent season for Ile Longue ewes and cohort (winter or summer) and body mass at 6 months of age on age at sexual maturity (precocious ϭ fertilized at 6 months of age, late ϭ Ͼ6 months of age). Jorgenson et al. 1993; Saether and Heim 1993; Sand 1996) , and a low plane of nutrition during early development delays sexual maturity in both domestic and wild mammals (Ortavant et al. 1985; Sadleir 1969) . Body mass of winter cohort ewes increased substantially around 6 months of age, whereas body mass of summer cohort ewes decreased during this period (Réale and Boussès 1999). Differences in growth rates between the 2 cohorts thus may explain the observed variation in age at maturity. Age of ewes on Ile Longue also affected fertility, as demonstrated for other ungulates (Albon et al. 1986; Festa-Bianchet et al. 1995; Gaillard et al. 1992; Marrow et al. 1996; Sand 1996) , but contrary to these studies, fertility decreased with age, FIG. 2.-Comparison between summer and winter cohorts in the change in lamb : ewes ratios for 2 classes of lamb development. Lambs Ͻ2 months of age were classified as L 1 , and 3-4-month-old lambs were classified as L 2 . Ratios of L 1 :100 ewes were calculated at the peak of births (January-February for summer cohort; July-August for winter cohort), and ratios of L 2 : 100 ewes were calculated 2 months later (March-April for summer cohort; SeptemberOctober for winter cohort).
suggesting a high reproductive cost, possibly related to early sexual maturity and high reproductive frequency.
Other proximate factors could shift distribution of estrus toward summer. Annual variation in temperature at Kerguelen is limited and thus may not be of great importance. The ''ram's effect'' hypothesis (Schinkel 1954) can be rejected because rams and ewes stay together year round in the Bizet herds in France and on Ile Longue. Because seasonal variation in hormonal activity and body condition affect sexual activity of males (Clarke 1981; Ortavant et al. 1985) , some males may not be able to reproduce in winter. However, a strongly male-biased adult sex ratio was observed on Ile Longue, and in a promiscuous reproductive system, even a small number of active males may be able to fertilize estrous females. In Bizet flocks, summer postpartum anestrus ranges from 2 to 3 months, but it exceeds 5 months in winter (Broussard 1988) . Lactational anestrus can be related to female body condition (CluttonBrock et al. 1982; Ortavant et al. 1985) . A protracted postpartum anestrus in winter due to poor body condition of lactating ewes did not seem to be a main factor influencing distribution of lambing on Ile Longue, because lactating and nonlactating ewes gave birth in similar small proportions the subsequent summer.
Our study highlights conflicts between natural and artificial selection that might occur in feral mammals. In the 40 years they have been on the island, sheep clearly have developed a reproductive pattern that is different from their ancestral domestic state of year-round breeding. Reproductive characteristics of ewes on Ile Longue have several consequences for population dynamics. Most females were fertile in summer and lambed in winter when environmental conditions were unfavorable for growth and survival of young, limiting the annual recruitment. Summer births occurred late in the season (January) compared with the increase in mean air temperature (Fig.  1) and growth of vegetation that occurred in November. Therefore, lambs of the summer cohort also were not born at an optimal date, which had consequences on their growth (Réale and Boussès 1999) and reproductive maturity.
Costs of reproduction might be high on Ile Longue, in contrast to ovids that breed seasonally Festa-Bianchet et al. 1995) , and ewes fertilized in summer might suffer increased mortality due to reproductive costs in winter. Energetic costs of late gestation and lactation induced greater weight losses for female feral horses (Equus caballus) that gave birth in winter than for those that gave birth in summer (Berger 1986) . Females also might incur high mortality risk because early sexual maturity limits somatic investment (Gadgil and Bossert 1970; Williams 1966) . These factors may contribute, to some extent, to the short life span of females detected on Ile Longue. The male-biased sex ratio also leads to sexual harassment, which constitutes the main proximal mortality factor of females (Réale et al. 1996) .
